Simulated microgravity (SMG) bioreactors and DNA microarray technology are powerful tools to identify "space genes" that play key roles in cellular response to microgravity. We applied these biotechnology tools to investigate SMG and post-SMG recovery ef fects on human epidermal keratinocytes by exposing cells to SMG for 3, 4, 9, and 10 d using the high aspect ratio vessel bioreactor followed by recovery culturing for 15, 50, and 60 d in normal gravity. As a result, we identif ied 162 dif ferentially expressed genes, 32 of which were "center genes" that were most consistently af fected in the time course experiments. Eleven of the center genes were from the integrated stress response pathways and were coordinately downregulated. Another seven of the center genes, which are all metallothionein MT-I and MT-II isoforms, were coordinately up-regulated. In addition, HLA-G, a key gene in cellular immune response suppression, was found to be signif icantly upregulated during the recovery phase. Overall, more than 80% of the dif ferentially expressed genes from the shorter exposures (≤4 d) recovered in 15 d; for longer (≥9 d) exposures, more than 50 d were needed to recover to the impact level of shorter exposures. The data indicated that shorter SMG exposure duration would lead to quicker and more complete recovery from the microgravity ef fect.
Introduction
Exposure to microgravity has been recognized as a major environmental factor of spaceflight. Some of the adverse effects resulting from spaceflight are a decline in cellular immune response (1-3 ), cardiovascular deconditioning (4 ) , bone deterioration (5 ) , and muscular atrophy (6 ) . Elucidation of the molecular mechanisms underlying microgravity-induced health problems is critical for formulating effective countermeasures for spaceflight side-effects. Due to the cost effectiveness and the ability to separate microgravity effect from other complex factors of spaceflight, ground-based simulated microgravity (SMG) research has become popular and is widely practiced in space life sciences research.
Ground-based SMG conditions for mammalian cell and microorganism cultures are created through the use of high aspect ratio vessel (HARV) bioreactors (7 , 8 ) , which simulate microgravity by maintaining *Corresponding author. E-mail: clement jq@tsu.edu the cells in continuous free fall in liquid medium and are most commonly used in the United States (9) (10) (11) (12) . The HARV bioreactor does not allow the cells to receive a gravitational load in any fixed direction. Its constant rotation does not eliminate gravity, but it does allow the g-vector to be time-averaged to near zero (13 ) . Ground-based SMG experiments using bioreactors such as HARV have become increasingly recognized as an effective approach in simulating certain aspects of microgravity, as it readily permits the more detailed experimentation towards the understanding of microgravity effects on genes and cellular activities during microgravity exposure.
Understanding gene and cellular activity changes in microgravity is essential for tackling the problems caused by microgravity exposure and for developing potential countermeasures. Studies at the cellular and molecular levels have been reported from both spaceflight and ground-based microgravity simulators such as HARV (10, (14) (15) (16) (17) . Microgravity has been found to influence major cellular events such as cell proliferation, cell cycle, cell differentiation, and programmed cell death (18) (19) (20) . Many cell types, ranging from bacteria to mammalian cells, are sensitive to the microgravity environment, suggesting that microgravity affects fundamental cellular activities. The study of microgravity effects on cellular activities can benefit enormously from genome-wide gene expression technologies.
Gene expression profiling based on DNA microarrays is a genome-wide gene expression analysis method for assessing cellular and molecular activity changes in response to a change in the growth environment. Environmental change as drastic as sudden gravity change is likely to alter the functions and transcriptional activities of groups of genes. A genome-wide display and comparison of gene expression profiles in cells that are exposed to microgravity and different recovery stages could provide great insight into the array of genes that are directly or indirectly involved in gravity response. This is because any change in the physiological activity of a cell is most likely the result of changes in the expression of certain genes. Thus, the genome-wide expression analysis technology can be a powerful tool to identify the "space genes" that play key roles in cellular response to a microgravity environment. In recent years, microarray technology has become increasingly popular in space biosciences research and most of the microgravity-induced cellular and molecular effects have been reported on cells of the immune system (21 , 22 ) , muscle (23) (24) (25) (26) , and bone (12, (27) (28) (29) (30) . However, it is not clear if the affected cellular functions would recover once the cells are returned to 1 g conventional growth conditions.
To further understand the cellular and molecular mechanisms by which spaceflight alters cellular activities, the effects of microgravity on various human cell lines should be studied to identify the genes whose functions are most consistently affected by microgravity. Epidermal keratinocytes, the major cell type in the outermost layer of the skin, play an essential role in the first-line defense against invading microorganisms and in innate immunity (31 , 32 ) . To date, the molecular effect of microgravity on keratinocytes is not known. Thus, the aim of this study was to display time course gene expression profiles and identify key gravity sensitive genes for human kerotinocytes in response to microgravity. We studied the microgravity effect on a basal-like type of immortalized human epidermal keratinocytes, HEK001, using the HARV bioreactor SMG system. We applied DNA microarray analysis for genome-wide expression profiling of the cells exposed to HARV bioreactor SMG conditions for 3, 4, 9, and 10 d, followed by recovery of 15, 50, and 60 d at 1 g. Our results indicated that cellular gene activity achieved >80% recovery from the shorter exposure time (≤4 d) in a recovery period of 15 d, while a longer recovery period (≥50 d) was needed for genes to recover to the shorter exposed impact levels after an exposure time as long as 9 and 10 d. In addition, we have identified 32 putative "major space genes" that were most consistently affected by SMG through the interlinked time course analysis. Interestingly, a cluster of eleven genes that are inducible through the integrated stress response pathways were all down-regulated in the presence of SMG. In contrast, a cluster of seven metallothionein genes were up-regulated through all the time points. Moreover, HLA-G, a key gene that mediates cellular immune suppression effect, was up-regulated during the recovery phase of SMG exposure. Our findings contribute significantly to the knowledge of epidermal response to SMG, which may suggest a mechanism in the whole body response to microgravity, particularly in microgravity-associated immune response suppression, integrated stress response, and tumor progression.
Results
Morphology of HEK001 cells cultured in HARV bioreactors and in conventional 2D cell culture f lasks Monolayer keratinocytes, HEK001 cells, formed small aggregates and spherical cellular morphology ( Figure  1C and E) typical for cells cultured in the 3D environment of HARV bioreactors. When the HEK001 cells were removed from the HARV bioreactors after the shorter (3 and 4 d) SMG exposures and then cultured in conventional 2D cell culture flasks for 15 d, the keratinocytes spread out to form monolayer growth indistinguishable from the untreated controls (compare Figure 1A and B with D and F). Cells from the longer (9 and 10 d) SMG exposures were not recovered as complete as the shorter ones, and elongated cells were found in the recovery culture after 16 d ( Figure 1G and H). Figure 1G shows cells after 7-day recovery from a 9-day SMG treatment; note that cell aggregates were visible at the early recovery stage. Although these cells regained their morphological Cell aggregates from 4-day SMG treatment. F. Cells recovering from 4-day SMG treatment through 15-day culture in normal gravity. G. Cells after 7-day recovery in normal gravity from 9-day SMG treatment. H. Cells after 16-day recovery in normal gravity from 10-day SMG treatment.
appearance after extended culturing under normal gravity, the extent to which cellular gene activity was affected by the SMG treatments and whether the altered gene functions would ever recover were of crucial interest. Therefore, we next investigated through DNA microarray analysis for genome-wide gene expression evaluation and through Northern blotting for gene-specific validation.
General gene expression prof iles and distributions of the time course microarray data
To visualize the general gene expression profiles of the microarray data, we first plotted the extracted microarray data in MA plots (Figure 2 ). In the MA plots, each point represents one feature from a corre- Fig. 2 MA scatter plots showing the average trend of the log ratio as a function of intensity of features in Arrays 1-5 using Lowess normalization. Each point represents one feature from the corresponding microarray. F633 represents the intensity of the red (R) laser wavelength (633 nm) that excites the cyanine 5 dye. F545 represents the intensity of the green (G) laser wavelength (545 nm) that excites the cyanine 3 dye. The MA plot shows the log intensity ratio M= log2(R/G) versus the average intensity A= 1 /2(log2R+log2G). A. MA plot for 3-day SMG (Array 1). B. MA plot for 4-day SMG (Array 2). C. MA plot for 4-day SMG followed by 15-day recovery at 1 g (Array 3). D and E. MA plots for 9-day and 10-day SMG followed by 50-day and 60-day recovery at 1 g, respectively (Arrays 4 and 5).
sponding microarray. The plots of five different microarray experiments before and after normalization show the general gene expression profiles of the cells exposed to different doses of SMG and during different recovery periods (Arrays 1-5; Figure  2A -E). After normalization and statistical analysis (student t-test) of the microarray data, a total of 314 differentially regulated genes from the five time course microarrays were identified as statistically significant (p ≤0.05). We further filtered the 314 genes to a cut-off point of 1.5-fold up-or down-regulation. Thus, a total of 162 genes were identified from the five SMG experiments to be significantly (≥1.5-fold change, p ≤0.05) differentially expressed, constituting the initial pool of the putative gravity sensitive genes in the SMG-treated keratinocytes (see Table 1 in Appendix). The numbers of differentially regulated genes allocated for each of the five (Arrays 1-5) microarrays were 101, 94, 18, 105, and 86, respectively. These putative gravity sensitive genes of the keratinocytes were subjected to further bioinformatics analysis.
Functional grouping and time course expression prof iles of the 162 gravity sensitive genes
The significantly differentially expressed genes in each of the five experiments were further categorized into 18 functional groups using histograms as shown in Figure 3 . For each experiment, the number of genes induced (red) and suppressed (blue) was graphed for each of the 18 functional categories, generating an individual histogram profile for the corresponding microarray. Figure 3A shows the functional distribution of 101 SMG-affected genes exposed to 3-day microgravity (Array 1) with 34 induced and 67 suppressed. Those exposed to 4-day SMG (Array 2) exhibited a similar expression pattern, with 32 genes up-regulated and 62 down-regulated ( Figure 3B ). In contrast, the cells that were cultured for 4-day SMG and then recultured and grown at 1 g for 15 d recovered from the microgravity effect more efficiently, with only 18 genes exhibiting significant differential regulation (10 up and 8 down) ( Figure 3C ). The cells that were grown in SMG for 9 and 10 d followed by recovery culturing at 1 g for 50 and 60 d, respectively, exhibited a similar expression pattern to each other and to the first two time points (compare Figure 3D and E with A and B). The effect of the longer exposures followed by the near two-month recovery time seemed to be equivalent to the shorter exposures without recovery. Most notably across the four similar profiles ( Figure 3A , B, D, E), cellular functions affected by SMG mainly were metabolism, cell communication, cell development, and cell death. The data suggest a critical role of the recovery growth in mitigating the alteration of cellular gene functions from prolonged SMG exposure. The recovery effect was even more apparent in Array 3 ( Figure 3C ), which showed that only 18 genes were differentially expressed compared with the non-treated control, while >80% of the genes had returned to homeostasis after 15-day recovery in normal gravity.
Cluster analysis of genes dif ferentially expressed under microgravity and recovery
The 162 differentially regulated genes were clustered hierarchically into five clusters ( Figure 4 ; Table 1 ) using average-linkage clustering (33 ) . Cluster I was coordinately down-regulated, consisting of 14 genes, 11 of which were from the integrated stress response pathway. The genes in Cluster I from the cells cultured for 3 d (Array 1) and 4 d (Array 2) in SMG were on average down-regulated ∼3.8 fold. When allowed to recover at 1 g for 15 d (Array 3), >80% of these genes recovered to non-exposed level. The genes that were exposed to SMG for 9 and 10 d and were allowed to recover at 1 g for 50 d (Array 4) and 60 d (Array 5), respectively, showed a level of downregulation similar to those exposed to SMG for 3 and 4 d. Cluster II has 83 genes. The expression pattern was very similar between 3-day and 4-day SMG, with the average down-regulation of ∼1.7 fold, and similar between 9-day and 10-day SMG followed by 50-day and 60-day recovery at 1 g, respectively, with the average down-regulation of ∼1.5 fold. This cluster did not show significant differential expression after exposure to 4-day SMG followed by 15-day recovery at 1 g. There are 17 genes represented in Cluster III. The average expression level for 3-day and 4-day SMG exposure was ∼2 fold. Again, this cluster did not show significant differential expression after exposure to 4-day SMG followed by 15-day recovery. Cluster IV is comprised of eight metallothione genes that were all up-regulated across the five time points. The level of up-regulation was ∼2 fold across the first three time points. After 9-day SMG followed by 50-day recovery, the Cluster IV gene expression increased to ∼4-fold Fig. 3 Functional grouping and time course expression profiles of gravity sensitive genes. The gene expression profiles of the 162 putative gravity sensitive genes that were statistically significant (p≤0.05) and showed at least 1.5-fold up-or down-regulation from the five experiments were categorized into 18 functional groups and displayed as histograms. The red histograms represent the upregulated genes and the blue histograms represent downregulated genes. A. Category of 101 differentially regulated genes exposed to 3-day SMG. B. Category of 93 differentially regulated genes exposed to 4-day SMG. Note that the patterns of gene regulation exhibited in Panels A and B are very similar. C. Category of 18 differentially genes exposed to 4-day SMG followed by 15-day recovery at 1 g. D. Category of 105 differentially regulated genes exposed to 9-day SMG followed by 50-day recovery. E. Category of 95 differentially regulated genes exposed to 10-day SMG followed by 60-day recovery. up-regulation. After 10-day SMG followed by 60-day recovery, however, the Cluster IV gene expression returned to the level similar to the levels of the shorter exposure time points (∼2-fold up-regulation). It may be that an additional 10 more days' recovery time was needed to allow the longest exposed cells to recover to the impact level of shorter exposed cells. In Cluster V (40 genes), there was an average up-regulation of ∼1.5 fold after 3-day and 4-day SMG and a drop to little (no differential regulation or complete recovery) after 15-day recovery. However, for 9-day and 10-day SMG followed with recovery at 1 g for 50 and 60 d, it showed a similar expression pattern (∼1.6-fold upregulation) to those cultured under SMG for 3 and 4 d. Thus, the close to two-month recovery time again reduced the SMG effect to the level of shorter exposures for the 40 genes in this cluster.
Overlapping patterns of dif ferentially expressed genes among the f ive SMG experiments and the identif ication of "center genes"
When comparing Arrays 1 and 2 for the 3-day and 4-day SMG ( Figure 5A ) using the Venn diagram, we found that a total of 76 differentially regulated genes (27 up and 49 down) were common to both microarrays, showing a consistency of ∼75% between the two different time points. A total of merely 18 differentially expressed genes in Array 3 indicated that >80% of the genes had recovered from the 4-day microgravity effect after 15 d in normal gravity culture. Out of these 18 significant genes, there were 17 and 16 genes shared with the 3-day and 4-day microgravity treatment alone, respectively; this constituted about 90% of all the significant genes identified from Array 3. The data suggest a causal link for the remnant SMG affected genes, which resulted from having not yet completely recovered from the SMG treatment. Figure 5B allowed us to further compare the expression patterns between the shorter exposures alone and the longer exposures followed with up to a twomonth recovery period (Arrays 4 and 5). We found a significant overlap of the differentially regulated genes among the four different time points. Similar to the two shorter exposures (3-day and 4-day SMG) shown Comparison of gene expression data of 3-day and 4-day SMG exposure with 9-day SMG followed by 50-day recovery and 10-day SMG followed by 60-day recovery. The center of the Venn diagrams shows that there are 32 differentially regulated genes between all four array experiments. C. Heat map of the expression pattern for the 32 differentially regulated genes identified from the center of the Venn diagrams in Panel B.
in Figure 5A , the two longer exposures (plus longer recovery) shared ∼69% common differentially expressed genes. An important function of the Venn diagram is that it allowed us to readily identify the genes affected by all the SMG treatments through the center of the diagrams: all four time point microarrays shared 32 genes (13 up and 19 down) that are differentially regulated by at least 1.5 fold (Figure 5B and C) . These "center genes" were the best candidates for the "major space genes" because they were most consistently affected by SMG.
Validation of microarray results through Northern blotting analysis of ten cellular genes
We also performed Northern hybridization to verify the results from the microarray analysis of the SMG time course experiments. The uniqueness of Northern blotting analysis is that it measures the abundance as well as the size of the RNA of interest (34 ) . Figure  6 shows the size identity and expression levels for ten genes, nine of which were significant genes identified through microarray experiments, and GAPDH was used as an internal control. The Northern hybridization reactions were performed sequentially with the ten cDNA probes as shown in the figure. All the hybridizations shown in the figure resulted in one predominant band of the expected sizes (marked with arrows) for the particular mRNAs. However, some minor bands were visible in a few panels. For the TRIB3 probe, the level of the larger band (∼2,500 to 2,800 bp) was down-regulated in SMG; the expression level for another isoform (alternatively spliced) of TRIB3 mRNA ( Figure 6C ) did not seem to be affected by SMG. There was a higher band found in lanes 1, 4, and 5 of Figure 6G (MT1A probe), which most likely resulted from the incomplete stripping of the TRA1 probe hybridized immediately prior to the hybridization of MT1A.
The bands of the expected sizes for the probed mRNA (marked with arrows) were subjected to quantitative analysis. To quantitatively analyze the mRNA levels from the Northern blots, we first normalized all the mRNA bands in Figure 6A -J against the GAPDH level in each corresponding lane. The normalized levels of the mRNA in each panel were then plotted in histograms as shown in Figure 7 .
The overall Northern blotting results demonstrated a remarkable resemblance to those obtained from microarray analysis, with an overall high level of correlation between the results from the two methods (R=0.86; Figure 7 ). The mRNA levels for genes PDIA4, TRIB3, AREG, TRA1, PCK2, and ARMET were shown to be decreased significantly by both microarray analysis and Northern blotting, with correlation coefficient values of 0.97, 0.84, 0.98, 0.69, 0.91, and 0.93, respectively. The MT1X, MT2A, and MT1A mRNA levels were found to be significantly increased by both microarray and Northern blotting analysis, with correlation coefficient values of 0.58, 0.85, and 0.97, respectively. The overall high level of correlation (R=0.86) between the analytical results from microarray and Northern blotting further validated our genome-wide analysis using the microarray technology.
Discussion
Microgravity effects have been closely associated with bone loss, muscle atrophy, and decreased immune function of astronauts. Consequently, extensive studies on cells of the bone, muscle, and blood origin have been documented in literature (18) (19) (20) . Since astronauts experience whole body exposure to microgravity, all the organ systems in the body are potentially affected by the gravity change and may function differently to counterbalance the microgravity stress. The different organ systems may react differently to gravity change. It is also possible that a common set of genes in different cell lineages are preferentially altered in microgravity conditions. To fully understand the microgravity effect on human health, it is important to study the microgravity response of cells of various organ origins. The identification of the common set of gravity sensitive genes may lead to the identification of "major space genes" that together play a major check-and-balance role ultimately determining the outcome of a cell, or an organism such as an individual person, in the response to microgravity conditions.
The gene expression profiles for the five time points were achieved mainly from the 18 functional groups of genes in histograms and hierarchical cluster analysis of all the 162 significantly differentially regulated genes. The nearly identical expression profiles between the 3-day and 4-day SMG treatment indicated a high level of consistency in the number and type of gravity sensitive genes between the closely spaced time points (Figure 3A and B) . Similar expression profiles were also found between longer time Fig. 6 Validation of microarray results using Northern blotting analysis of genes differently expressed under modeled microgravity conditions. An amount of 10 µg total RNA from each sample was loaded onto a 1% formaldehyde agarose gel. Lanes 1-7 were loaded with samples as the following: Lane 1, conventional stationary control; Lane 2, threeday modeled microgravity; Lane 3, four-day modeled microgravity; Lane 4, three-day microgravity recovery; Lane 5, four-day microgravity recovery; Lane 6, nine-day microgravity recovery; Lane 7, ten-day microgravity recovery. The Northern blot was sequentially hybridized with ten different probes as indicated in Panels A-J: A. PDIA4; B. MT1X; C. TRIB3; D. AREG; E. MT2A: F. TRA1; G. MT1A: H. PCK2; I. ARMET; J. GAPDH. The expected mRNA band for each probe was indicated with an arrow to the right side of each panel. points, that is, cells recovering from 9-day and 10-day SMG treatment in normal gravity for 50 and 60 d, respectively ( Figure 3D and E). The validity of the microarray data was further confirmed with Northern blotting analysis of ten genes (Figures 6 and 7) . For SMG exposure time as short as 4 d, a 15-day recovery period resulted in >80% of the SMG affected gene expression returning to homestasis (compare Figure  3C with B). A two-month recovery period mitigated the affected gene expression profile to that equivalent to the 4-day SMG exposure level. Thus, our expression profiling results suggest that the time duration of microgravity exposure as well as post-SMG recovery are critical determinants of the extent to which cellular gene expression is affected by SMG. The shorter the SMG exposure and the longer the recovery time, the better the recovery from the SMG stress. Based on our results, it is advisable that shorter mission duration time and longer recovery interval would be beneficial to astronauts' health. We further identified 32 "key" or "center" gravity sensitive genes from the 162 significantly differentially regulated genes detected from the time course experiments. This was achieved by the use of Venn diagrams of the shorter SMG exposures (3-day and 4-day SMG) and the longer exposures (9-day and 10-day SMG followed by 50-day and 60-day recovery) locating the genes that were in the very center of the four interlinked time points ( Figure 5B and C). These genes were considered to be most consistently impacted by the microgravity treatment because they were affected by all the interlinked time points of the SMG exposures. These key gravity sensitive genes may be candidates for the "major space genes" whose activities were most significantly affected by the SMG environmental factor and most likely play a determinant role coordinately on the outcome of the SMG exposure effects. Many of these genes were found to be coordinately regulated in specific clusters belonging to particular pathways and are known to be coordinately regulated in non-space environment. One of the most notable groups of coordinately regulated genes was the eleven "center genes" (AREG, HSPA5, HER-PUD1, PDIA4, PCK2, SDF2L1, TRIB3, SREBF1, TRA1, ASNS, and ARMET) that all came from Cluster I and were all down-regulated in SMG ( Figure 5C ; Table 1 ). These genes are known to be coordinately regulated in integrated stress response pathways such as the endoplasmic reticulum (ER) stress response pathway and the amino acid starvation response pathway (35 , 36 ) . They are typically induced coordinately in the presence of ER stress or in response to amino acid starvation (35 , 36 ) . It is not clear why these genes were all down-regulated under reduced gravity conditions. It maybe that microgravity is favorable for protein folding and transport, making the machinery for the ER protein unfold stress response pathway unnecessary. To our knowledge, this is the first report to connect this set of integrated stress response genes to microgravity response. Nonetheless, in a study comparing the gene expression from cells grown in microgravity on the space shuttle with those grown in SMG, TRA1 was found to be down-regulated for 5.5 fold and 1.2 fold, respectively (37 ) . In agreement with the reported space shuttle and SMG results, TRA1 in our experiment was also down-regulated across all the time points (from ∼3.2 fold to ∼1.75 fold) in SMG. TRA1 has also been found to be up-regulated in a variety of tumor cells in response to glucose depletion, hypoxia, and decreased pH. Therefore, TRA1 seems to be implicated in cell immunity against cancer cells (38 ) .
Log2 Ratio
Another group of coordinately regulated genes that were also found in the center of the four interlinked time points includes seven metallothionein genes (MT1A, MT1B, MT1G, MT1H, MT1X, MT2A, and a MT2A clone ENST00000245185) in Cluster IV. These genes were all major isoforms of metallothioneins and were up-regulated in all the SMG time points, even more significant during recovery periods ( Figure 4 and Figure 5C ; Table 1 ). Consistent with our result, MT1A and MT2A expressions have been found to be up-regulated in space-flown (16 d) rat skeletal muscles (20 ) . MT-I and MT-II isoforms have very similar structures and functions and are coordinately regulated in most cells (39 , 40 ) . They have cellular functions primarily in metal ion homeostasis, scavenging of ROS, redox status, immune defense responses, cell proliferation, and cell death (40 , 41 ) . MT-I and MT-II are induced by most inflammatory or pathological stimulus such as proinflammatory cytokines and oxidative stress (42 ) . In addition, our microarray data showed several genes involved in immune response such as HLA-G and IL-1β to be affected by SMG (Table 1 , Cluster V). Although IL-1β induction has been reported in a macrophage cell line in space (43 ), it is not known whether HLA-G gene expression would be altered by microgravity. In normal gravity environment, HLA-G has been shown to have direct inhibitory effect on T, APC, and NK cell functions in the immune system and induces suppressor T-cells. HLA-G also plays a role in tumordriven immune escape mechanism of cancer cells during the later phase in host and tumor cell interactions (44 ) . Our finding that HLA-G mRNA levels were upregulated in microgravity-exposed keratinocytes may suggest an underlining mechanism for microgravityassociated immune response suppression.
Conclusion
In summary, our results indicated that cellular gene activity achieved >80% recovery from the shorter ex-posure time (≤4 d) in a recovery period of 15 d, while a longer recovery period (≥50 d) was needed for genes to recover to the shorter exposed impact levels after an exposure time as long as 9 and 10 d. Interestingly, a cluster of eleven genes in the integrated stress response pathway that are inducible by ER stress and amino acid starvation were all downregulated in the presence of SMG. In contrast, a number of genes involved in proliferation, development, and cancer were up-regulated. A cluster of seven metallothionein genes were all up-regulated through all the time points. In addition, HLA-G, a key gene that mediates cellular immune suppression effect, was upregulated during recovery phases of SMG exposure. Our findings contribute significantly to the knowledge of epidermal response to SMG, which may suggest a mechanism in the whole body response to microgravity, particularly in microgravity-associated immune response suppression, integrated stress response, and tumor progression. Overall, the data suggests, for health's sake, shorter mission duration in space may lead to quicker and more complete recovery from the microgravity effects.
Materials and Methods
Cell culture HEK001, an immortalized human skin keratinocyte cell line of basal-like type (45 ) , was purchased from American Type Culture Collection (Manassas, VA, USA) and cultured at 37
• C with 95% humidity and 5% CO 2 in Ketatinocyte-Serum Free medium with 5 ng/mL human recombinant EGF, 50 ug/mL bovine pituitary extract, and 2 mM L-glutamine.
Simulated microgravity and cell exposure
Ground-based modeled microgravity was achieved using the 50 mL HARV units of the rotating wall vessel (RWV) culture apparatus (a NASA JSC invention) from Synthecon, Inc (Houston, TX, USA). Cell viability and cell concentration were determined by Vi-Cell 1.01 cell counter of Beckman Coulter (Fullerton, CA, USA). For the 3-day and 4-day modeled microgravity exposures, a density of 2.0×10
5 cell/mL with viability of 93.2% of the HEK001 cells were cultured in RWV bioreactors at 17.2 rpm to achieve the constant freefall experience for cell aggregates. At the end of the 3-day and 4-day microgravity exposure, the contents of the bioreactor vessels were poured out into a 50 mL sterile centrifuge tube to collect cell pellets, and 5 mL of the cell suspension from the bioreactor vessels was transferred to T75 flasks for morphological observation and for further stationary culture. Hence, the recovery stage for the exposed cells as well as post 3-day and post 4-day microgravity recovery cell samples were achieved. After the removal of the cells from the vessels, fresh medium was used to refill the vessels for extended microgravity exposure to 9 and 10 d, respectively. The resulted cells were all transferred to stationary culture for recovery of 50 and 60 d, with medium change twice per week. Non-exposed stationary controls and the recovery stage of microgravityexposed HEK001 cells were cultured in tissue culture flasks with vented caps (TPP Techno Plastic Products, Trasadingen, Switzerland) in the same incubator at 37
• C with 5% CO 2 .
Total RNA isolation and DNA microarray hybridization HEK001 cells cultured in modeled microgravity HARV bioreactors and control flasks were removed at their respective time points, washed with PBS for three times and lysed in guanidinium isothiocyanate buffer. The cell lysates were stored at −80 • C prior to ultracentrifugation for total RNA isolation (46 , 47 ) . Total cellular RNA was labeled using the Agilent Low RNA Input fluorescent Linear Amplification Kit (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer's protocols (48 ) . The fluorescently labeled cRNA probes were further purified and hybridized to Agilent 22K Human Microarray V2 according to the specified procedures within the kit.
Microarray scanning, feature extraction, and functional grouping
The microarrays were scanned using a ScanArray microarray scanner (Perkin-Elmer, Waltham, MA, USA). The images generated from the scanning were imported into GenePix 6.0 (Molecular Devices, Sunnyvale, CA, USA) for alignment and initial quantitation. Lowess normalization and some statistical analyses were performed in Acuity 4.0 (Molecular Devices). The normalized genes were then subjected to a student t-test to determine statistical significance. An alteration in gene expression level was considered significant if it passed a statistically significant level of p ≤0.05 and met the minimum cut-off of 1.5-fold differential regulation. The significant genes thus identified were further processed using EASE (49 ) to identify 18 functional categories and relevant pathways. The functional categories were then used to organize the gene table (Table 1) and to generate the comparative histograms (Figure 3) .
Hierarchical clustering and Venn diagrams
We also used the average-linkage hierarchical clustering to better organize and visualize the expression patterns in the data (33 , 50 ) . The hierarchical clustering was performed using Genesis 1.0 (51 ). To more easily identify the genes affected by all the SMG treatments, we generated Venn diagrams using AFM 4.0 (52 ).
Northern blotting, normalization, and quantitative analysis
Some of the significantly regulated microgravity sensitive genes identified from the DNA microarray analysis were further verified using Northern blotting. Briefly, 10 µg total RNA was loaded per lane on a 1% formaldehyde agarose gel for electrophoresis separation of RNA species. The gel-separated RNAs were capillarilly transferred onto a nylon membrane, which was subjected to a hybridization procedure using chemilluminascently (Pierce Biotechnology, Rockford, IL, USA) labeled cDNA probe fragments. The blot was sequentially hybridized with ten different probe fragments. The cDNA probe fragments were generated from RT-PCR reactions using total cellular RNA as the templates. RT-PCR reactions were carried out to generate the cDNA probes required for the Northern blotting analysis, using the Reverse Transcription System of Promega (Madison, WI, USA) and the BioLine Red DNA Polymerase PCR kit (Taunton, MA, USA). For Northern blot quantitation, the autoradiographs of the Northern blots were scanned and saved as TIF images for further analysis. The images were then opened in Unscan-It Gel (Silk Scientific, Orem, UT, USA) for quantitation. To quantitatively analyze the mRNA levels from the Northern blots, we first normalized the mRNA bands in Figure 6A -J against the GAPDH level in each corresponding lane. The normalized levels of the mRNA in each panel were then plotted in histograms as shown in Figure 7 . 
